Magnetic moments of the iV(1535) resonance in the chiral unitary model 
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We calculate the magnetic moments of the AT(1535) resonance using the chiral unitary model, 
where the resonance is dynamically generated in the scatterings of the lowest-lying mesons and 
baryons. We obtain the magnetic moments of the resonance as +1.1 and —0.25 for p(1535) and 
n(1535), respectively, in units of the nuclear magneton. We discuss the origin of these numbers 
within the chiral unitary model, then we compare the present results with those of the quark model 
and the chiral doublet model. The possibility to observe the magnetic moments in experiments is 
also investigated. 
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I. INTRODUCTION 

The study of the properties of baryon resonances has 
attracted continuous attention and is one of the most 
important topics in hadron physics. The first nucleon 
resonance with the negative parity, ./V(1535), has unique 
feature of its strong coupling to the i]N state, which al- 
lows us to take relatively clean data to other resonance 
regarding the eta meson in the final state as a probe of 
the intermediate 7V(1535). Theoretically hadronic res- 
onances have been investigated in recent lattice calcula- 
tions 0,0,0], and direct comparison with QCD is becom- 
ing possible. On the other line, the property of the nega- 
tive parity resonance could be related to chiral symmetry 
of QCD, in particular, to symmetry restoration at finite 
temperature and density, as reported in the linear repre- 
sentations of chiral symmetry for the resonance 

Recently, the chiral unitary model has been success- 
fully applied to meson-baryon scatterings and to the de- 
scription of the s-wave baryon resonances as dynami- 
cally generated objects by the ground state mesons and 
baryons II EH El E3 For instance, A(1405) being 
treated as a KN and 7rX state reproduces well experi- 
mental data available now. Further, AT(1535) and other 
states in low lying J p = l/2~ states are also discussed 
in the same framework 0, 0, 0] . 

In order to investigate the electromagnetic structure 
of the dynamically generated resonances, in Ref. [Tfil |. 
the magnetic moments were calculated for A(1405) and 
A(1670) in the chiral unitary model. Following that pa- 
per, we will here calculate the magnetic moments of an- 
other J p = l/2~ resonance state, iV(1535), in the chiral 
unitary model. Recently, the resonance magnetic mo- 
ments were studied also in the quark model E3> an( i 
therefore, the present study provides one of the alterna- 



tive descriptions. 

Experimentally, magnetic moments of resonance states 
can be extracted through bremsstrahlung processes. So 
far, the magnetic moments of A ++ (1232) have been 
studied in the reaction Tr + p — > r vTr + v Il8t Il9| . where 
= 3.7 ~ 7.5/ijv was extracted |2J|. The uncer- 
tainty in the number arises from the ambiguity in the 
theoretical analysis of the reaction. Now for iV(T535), a 
similar process can be used such as jp — » jrjp |l7| . 



This paper is organized as follows. In section [HI We 
present the formulation to calculate the magnetic mo- 
ments in the chiral unitary model. The input parameters 
and numerical results are presented in section llTTl In sec- 
tion llVl we discuss the obtained results from various point 
of view. In section[3 we discuss the possibility to observe 
the magnetic moments of N* in experiment and calcu- 
late the energy spectra and the angular distributions of 
the emitted photon in the jN — > 7777V and ir~p — > 77771 
reactions. Section IVTI is devoted as the summary of the 
present results. 



'Present address: ECT*, European Centre for Theoretical Studies 
in Nuclear Physics and Related Areas Villa Tambosi, Strada delle 
Tabarelle 286, 1-38050 Villazzano (Trento), Italy 



II. FORMULATION 



In this section, we briefly explain the chiral unitary 
model, where we obtain the amplitude of meson-baryon 
scatterings. The amplitude of ttN scatterings obtained 
in the chiral unitary model can be interpreted as the res- 
onance pole term around the 7V(1535) resonance energy 
region, as shown in the upper diagram in Fig.^ We then 
introduce the photon field and electromagnetic couplings 
based on effective chiral Lagrangian, and we calculate the 
amplitude for the photon-resonance coupling as shown 
in Fig. ^ Using these two amplitudes, we evaluate the 
magnetic moments of the resonance in two different ways. 
Here we follow the formulation in Ref. |l6j | . 



2 




-(" x q) ■ 



FIG. 1: Feynman diagrams of the amplitudes Uj(y/s) and 
—itij(^/s) around energy region of the resonance. Solid, 
dashed, wavy and double lines represent baryons, mesons, 
photon and baryon resonances, respectively. In calculating 
—itij(^/s), we consider the diagrams which contribute to the 
magnetic moments, and extract a factor in order to make the 
coupling of resonance to photon to be magnetic moment in 
units of the nuclear magneton. 



A. Chiral unitary model 

Chiral unitary model is an extension of the chiral 
perturbation theory to the resonance energy region, 
by imposin g th e unitarity condition. Using the N/D 
method [2lll22| for the unitarity condition, the T-matrix 
amplitude can be written as 



T = [1 - VG^V , 



(1) 



with the basic interaction V and the loop function G, 
which are given in the following. This equation provides 
algebraically the solution to the Bcthe-Salpeter equation. 

We derive the basic interaction V from the chiral per- 
turbation theory, which well describes low-energy hadron 
dynamics. For the J p = l/2~ baryons, the s wave scat- 
terings are relevant, for which the basic meson-baryon 
interactions are given by the Weinberg- Tomozawa term. 
The non-relativistic form of the interaction term is then 
given by 



■(2 v / s-M i -M i ) 



Et + Mi / En + Mi 



2Mi 



2Mi 



(2) 



where the indices (i,j) denote the channels of meson- 
baryon scatterings and the coefficients Cij are fixed by 
chiral symmetry. In this work we are interested in the 
iV(1535) resonance, and therefore, we calculate the scat- 
tering amplitude with the strangeness S — and the 
electric charge Q = and Q = 1. The relevant channels 
and the coefficients Cij are given in Table HJ In Eq. J5J), 
fi, Mi, and Ei are the meson decay constant, the ob- 
served baryon mass, and the energy of the baryon in the 
channel i, respectively, s denotes the total energy in the 
center of mass system. 

In order to calculate the loop-integral function G, we 



employ the dimensional regularization: 
d 4 q 2Mi 1 



G^yfs) 



(2tt) 4 (P - qY - Mf g 2 - mf 



2Mj 
"(4tt) 2 



a,(ju) + In 



Mf 
M 2 



Mf + s 



2.s 



In- 



Mr 



+ ln(s - (Ml - mf) + 2V«ft) 



3L 

+ ln(s + (Mf - mf) + 2y/sqi) 



ln(- 
ln(- 



(M, 



f2 



2y/sq l 



(Mf - mf) + 2VS») 



(3) 



where rrij is the mass of the meson in channel i. The 
three-momentum of the intermediate meson q~i is defined 
by 



qi(Vs) = 



y/(s - (Mi - mi y)(s - (Mi + mj) 2 ) 
2^ 



(4) 



In Eq. [i- and ai([i) are the regularization scale and 
the subtraction constants, which will be taken as free 
parameters of this model. 

Substituting Eqs. and Q into Eq. |QJ, we obtain 
the T-matrix amplitude of meson-baryon scatterings tij . 
The advantage of this model is that we obtain the am- 
plitude tij in analytic form, so that it can be extended 
to the complex energy plane. When the subtraction con- 
stants a,i are properly fixed, the amplitude £y provides 
a good description for observables such as cross sections 
and phase shifts [3 El 13. 

In the present model the pole of the amplitude can 
be calculated in the complex plane. From this pole, we 
extract the information of the resonance. Around the res- 
onance region y/s ~ Mm* , the pole contribution becomes 
dominant, and the amplitude tij obtained in the chiral 
unitary approach can be interpreted as the Breit-Wigner 
form, 



Uj (y/s) 



is- M 



N* 



+t BG 



(5) 



where Af/v* and T^r* are the mass and width of the res- 
onance, respectively. Here the background term tfj G 
is assumed to be slowly varying function of y/s, and 
gi gives the coupling strength of the resonance to the 
meson-baryon channel i. A diagrammatic interpretation 
of Eq. is shown in Fig. ^ (upper diagram). 

In practical calculations, we use two bases for the chan- 
nels. When we calculate the scattering amplitudes, we 
adopt the physical basis such as ir~p and r\n, because 
in the following subsections we introduce the electro- 
magnetic interactions, which are not isospin symmetric. 
While, when we calculate the resonance properties, we 
change the basis to the isospin basis such as %N(I = 1/2) 
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TABLE I: Cij(S = 0, Q = 0) and dj(S = 0, Q = 1) 
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and KT,(I = 3/2), in order to specify the isospin of res- 
onances. The two bases are related each other through 
the Clebsh-Gordan coefficients. 



B. Electromagnetic interactions 

By gauging the baryon kinetic term in the lowest order 
0(p) Lagrangian, we obtain the BBj coupling, which 
provides the normal magnetic moments of the ground 
state baryons. In the effective chiral Lagrangian of order 
0(p 2 ), the photon coupling terms is given by [23| 

P , (6) 

-^ b 6^(B{S»,S»]{F+„,B}) 

where Mp is the mass of proton, b§ and are the low 
energy constants, F+, = -e^QF^ + £,QF^^) with 

£ = exp{i$/V2/}, Q = diag(2,-l,-l)/3 and S» is a 
covariant baryon spin operator. B and <E> are the octet 
baryon and meson fields, respectively. This Lagrangian 
has contributions to anomalous magnetic moments. Ex- 
panding the £ fields, we obtain the the magnetic moments 
of the ground state baryons in terms of b§ and b§ in the 
chiral limit ,which satisfy the following Coleman-Glashow 
relations |24j : 

Ms+ = Mp ! 2//A = Mn > Ms- = Mh- , 

/i H o = //„ , ii^- + ii n = -fi p , (7) 

2me°a = -V3V„ , 2^ s o = + /i E - . 

Recall that the magnetic moments derived from the La- 
grangian 10 are the anomalous magnetic moments, while 
the normal magnetic moments come from the covariant 
derivative. However, the contributions from the normal 
magnetic moments are exactly the same as the first term 
of Eq. ©. Indeed the normal magnetic moments just 
shift b% -* b£ + 1. Therefore we will absorb the normal 
magnetic moments into b§ in the rest of this article, in 
order to include the normal part into b$ coefficients. We 
need to be careful that the values we show are different 



(a) (b) (c) 

\^ \ , v , Y . 

FIG. 2: Photon coupling diagram in —itij(-\/s). We consider 
that there are meson-baryon loops on the left and right sides 
of these vertices. 

from the low energy constant b§ which appears in chiral 
perturbation theory. 

Fitting the magnetic moments written in terms of b]? 
and bg to data, we find the parameters [2j| 

bg = 2.39, 6f = 1.77 . (8) 

In spite of the use of the only two parameters, the tree 
level calculation provides good results. 



C. Photon coupling to resonances 

Using the meson-baryon scattering amplitude Uj ob- 
tained in the chiral unitary approach and electromag- 
netic couplings obtained in previous subsections, here we 
calculate the photon coupling diagram as shown in the 
bottom of Fig. ^ In the chiral unitary model, where the 
baryon resonances are expressed as multiple scatterings 
of meson-baryon states, we have three kinds of diagrams 
of the photon couplings as shown in Fig. [21 |l6j . Among 
them, the diagram (c) does not contribute to the present 
calculation, because we consider s wave scattering. Then, 
we write the amplitudes — ity (y^s) as 

-ity(VS) = + (-^(VS)) , (9) 

where — u^\s/s) and — ityj (s/s) are the contributions 
which includes the couplings of (a) and (b) in Fig. 

The five point (two mesons, two baryons, and one 
photon) vertex in Fig. (a) is derived from the La- 
grangian jnj, by taking the terms with two mesons. We 
calculate the amplitude of the tree vertex (a) with these 
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K° or K~ 



1 3 
2' 2 



where M denotes K° or K + . Then Eq. (|13fl is modified 



as 



-ity — til [SlmGlfMl + G^rn M(S°A)]* 



mj j 



(15) 



FIG. 3: Diagrams of off-diagonal components in G including 
E°A transition in the S = channel. 



terms as 



where 



yBBMMj _ ■ g X q , 



-4, 



2/ 



2 l-^-ij^G 



(10) 



for convenience. Coefficients X^ and Yij are shown in 
Tables [H] and IIIII In order to calculate the resonance 
magnetic moments, we attach the meson-baryon scatter- 
ing amplitude obtained in the chiral unitary model to the 
both side of the diagram (a) in Fig. [21 We then obtain 



tuGiJ\-i m G m t rn j 



(11) 



The diagram (b) in Fig. [21 is calculated by magnetic 
moments of the ground state baryons fii multiplying by 
a loop function with the two baryon propagators. In the 
limit that the photon momentum goes to zero, this loop 
function reduces to a simple form as 



where G^ m ^t(soA) represents the corresponding transi- 
tion channels as shown in Fig. [21 

As pointed out in Ref. |lq|. the effects of E°A transi- 
tion is almost negligible in the S = — 1 channel, where the 
corresponding processes are ir°Y< a — > 7r°A and 77E — > rjA. 
These transition terms do not contribute to the magnetic 
moments of A resonances (I = 0) in the isospin limit. 
However, for the N resonance they do. The E°A transi- 
tion occurs among the KT,o and KA channels of / = 1/2. 
After projecting them to / = 1/2 state, we have checked 
numerically that the inclusion of the S°A transition has 
a moderate effect to the amplitude — • 

In this way, we obtain the amplitude —it through 
Eqs. ||SJ|, (|llfl and i|15|) in the chiral unitary model. 
Around the resonance energy region, where the pole con- 
tribution becomes dominant, — it obtained in the chiral 
unitary model can be interpreted using the Breit-Wigner 
form of resonance: 



-itij(s/s) ~ (- 



fji 



s - M N . +iT N */2 
fJj 



+ t 



BG 



fs-M N * +TV/2 



+ t 



BG 



(16) 



where /x/v* is the magnetic moment of the N* resonance. 



d 4 q 



2M ?: 



2Mi 



(2tt) 4 (P - q) 2 - M? (P - q) 2 - M 2 q 2 



(12) 



This analytic form of Gi{\fs) is convenient when we 
search the poles of the amplitude in the complex plane, 
which correspond to resonances. Finally we obtain 



-iffi = tiiGimtij 



(13) 



where fii are the magnetic moments of the ground state 
baryons. 

Since there is the E°A transition moment in the ground 
state, off-diagonal components exist in G as shown in 
Fig. [21 In order to take it into account, we need further 
approximation, because the masses in the first and second 
propagators in Eq. ifT^ are different. We calculate these 
off-diagonal components by taking average of the S° and 
A propagators, namely, 



G 



MA, MS 



(Vs) 



1 



G M eo(^) + G ma (^) , (14) 



D. Evaluation of the magnetic moments 



Here we evaluate the magnetic moments of the reso- 
nances from the amplitudes tij and —iUj obtained by 
the chiral unitary model. Around the resonance energy 
region y/s ~ Mjv*, we can regard these amplitudes as 
Eqs. (J5J and Ijlu)). respectively. Using tij, we elimi- 
nate the resonance propagators and couplings gi in —iUj. 
There are two methods, one is to extract them on the real 
axis and the other is to evaluate them in the complex 
plane |T^ . 

On the real axis, in the resonance dominance, where 
background terms are neglected, the magnetic moment 
can be evaluated by 



Mat* (n/s) 



-iijj(Vs) 
Uj(Vs) 



(17) 



where the denominator cancels the two resonance propa- 
gators and couplings, leaving the factor of magnetic mo- 
ment. In actual cases, however, there are background 
contributions, which we have to deal with carefully. To 
show explicitly, the amplitude — it™ in Eq. 1171 with the 
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TABLE II: X i3 and Yij(S = 0, Q = 0) 
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TABLE III: Xy and y«(S = 0, Q = 1) 
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background term included, should be divided by the fac- 
tor 



d 







(yfi-M N »+iT N */2) 2 d^S 



9i9j 



,BG 



(18) 



However, since the background term t BG is assumed to 
be a slowly varying function of y/s, its derivative must 
be small, therefore we can neglect it. The result is 



-iijjjy/s) 



+ t 



+ {t BG ) 



9i 9j 

2 (y/s- Z N ,) 2 

9i9 3 



(19) 



where zn* = Mat. — irjv*/2. Note that the second and 
third lines in Eq. Ijl9|l are not always regarded as small, 
because zn* has an imaginary part, so that (y/s — Zn*) 
cannot be zero. In order to make these background terms 
small, we evaluate (iff* at \/s ~ Mjv* and choose the 
suitable channel which strongly couples to the resonance. 

The analytic form of the amplitude enable us to calcu- 
late the magnetic moment in the complex plane. It is a 
big advantage of the chiral unitary model, since we can 
calculate the magnetic moment exactly on the pole and, 
therefore, the background terms do not give any contri- 



butions. At the resonance pole z — > z^y, we calculate 



km (z - z R ) f 

2->2!f« Hj\Z) 



= lim 



l + (z-z N *)t BG /(g igj ) 

^N*{ZN') ■ 



+ 0(z-z N *) 



(20) 



Since the position of the pole generated in the unitariza- 
tion does not depend on the channel, the result l|2U|l is 
independent of the channel chosen to calculate the mag- 
netic moments. 

In the second method, we can compute /ijy. (z n * ) with- 
out ambiguity, but with a complex phase. Because of 
this, we discuss only the absolute value \^n»(zn»)\- On 
the other hand, in the first method, we can determine the 
sign, although the background terms make the absolute 
values ambiguous. We can minimize such ambiguities by 
choosing the most relevant channel, where the coupling 
strength of the pole gi is the largest. 

Hence, our strategy here is to calculate the absolute 
value in the complex plane and determine the sign on the 
real axis. It is not trivial that \hn*(zr)\ and \hn*(i/s)\ 
take a same value, but we expect that they should be 
close each other. 



III. NUMERICAL RESULTS 

In this section, we show the results of numerical calcu- 
lations. First, we present the input parameters and calcu- 
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late 5 = meson-baryon scatterings in the chiral unitary 
model. Next, using the same parameters, we calculate 
the magnetic moments of the iV(1535) resonance. In the 
following, we denote the two charge states of iV(1535) as 
n*(Q = 0) and p*(Q = 1). 



The iV(1535) resonance in the chiral unitary 
model 



The resonance states are obtained by solving the scat- 
tering equation Q), whose coefficients Cy are shown in 
Table HJ The coefficients Xij and for the magnetic 
moments are given in Tables [H] and IIIII For the mass of 
the particles rm and Mi, and the magnetic moments of 
the ground state baryons fii, we use the physical values 
taken from the Particle Data Group (PDG) 20]. The 
low energy constants b$ and b$ are given by Eq. (JSJ . In 
order to calculate the loop function we use the reg- 
ularization scale p = 630 MeV and the following channel 
dependent subtraction constants taken from Ref. [l3j : 



O-ttN 



0.711 
0.311 



-1.09 , 
-4.09 . 



(21) 



Here we show the shifted values of ai corresponding to 
fi = 630 MeV by using the relation a(p') — a(fi) + 
21n(/i'//i). We use the common value for each isospin 
multiplet. These constants are essential to generate the 
7V(1535) resonance [25|,|2(j. We adopt the physical meson 
decay constants, 

U = 93 [MeV] , f K = 1.22 x U , U = 1-3 X U , 

following Ref. 

Using these inputs, we calculate the scattering am- 
plitudes QJ, which well describes the Su phase shifts, 
the scattering amplitudes and the total cross section of 
n~p — > ijn. In the complex energy plane, we find poles 
at 



z n , = 1536.01 - 37.06i [MeV] 



V = 1531.01 - 36.38« [MeV] (Q 



(0 = o) 
i) 



(23) 



whose real and imaginary parts correspond to the mass 
Mjv* and width IV* /2, respectively, for the Breit-Wigner 
parametrization J5J. Note that before including the elec- 
tromagnetic interactions, the difference between n* and 
p* comes from the tiny isospin violation due to the par- 
ticle mass differences. Their coupling strengths \gi\ 2 
to the various meson-baryon channels are shown in Ta- 
ble llVI ^From this table, we see that the KT, channel has 
the largest coupling strength to the 7V(1535) resonance, 
which indicates that the resonance is a quasi-bound state 
of KY, as pointed out in Ref. 0. At the energy of the 
threshold of iV(1535), the ttN and T)N channels open. 
Therefore, the decay of the resonance is dominated by r/N 
channel, which is a characteristic properties of 7V(1535). 



TABLE IV: Coupling strengths of the JV(1535) resonance to 
meson-baryon channels. All the channels have isospin I = 
1/2. 





1 |2 

\9tn\ 


1 |2 
\fi')N 


\9ka\ 2 


|2 

ISA'S 


n* 


0.623 


2.30 


1.93 


7.29 


V* 


0.619 


2.35 


1.88 


7.37 



B. Magnetic moments of the A(1535) resonance 

We first show the results in the complex plane, calcu- 
lated from Eq. (|20|) . The results for the absolute values 
are 



= 0.248^jv 



l/V 



1.13pN 



(24) 



As expected, we have checked that the results are chan- 
nel independent, since we can eliminate the background 
contributions. 

Next we calculate n{-\fs) on the real axis. In Fig. 0] 
we plot the scattering amplitudes N — —iUj(y/s) and 
D = —g^=tij(y / ~s), and the magnetic moments p ~ N/D. 

Here we plot the amplitudes KY — > KY,(I = 1/2), since 
it has the largest coupling strength to the resonance 
and background contributions are expected to be small. 
Notice that the amplitudes D do not contain the elec- 
tromagnetic interaction, and therefore, D for Q = and 
Q = 1 are the same when isospin violation is neglected. 
On the other hand, the amplitudes N are different from 
each other due to the photon couplings. It is important 
that N(Q = 0) and N(Q = 1) have opposite signs. These 
signs together with D determines the sign of the magnetic 
moments. 

If there were no background, for both N and D, ex- 
treme values of the real parts and zeros of the imag- 
inary parts would have taken place at the same value 
,/s = Mjv*. In this case, \x = N/D becomes pure 
real. However, in actual calculations these points deviate 
slightly, especially in Q = 0, due to background contribu- 
tions. Therefore, we evaluate the magnetic moments at 
all these points. Since /i = N/D has a small imaginary 
part due to the backgrounds, we calculate /x as, 



Re 



(25) 



The results are shown in the bottom figures of Fig. 01 
Then we determine the value of the magnetic moments 
of the resonance 



fin- = (-0.266 ±0.01)^ 
= (1.26±0.02)/iiv , 



(26) 



with small uncertainties. The absolute values of Eq. Ij26(l 
do not differ very much from the results l|24|) . This is be- 
cause we adopt the KY, channel, where \gi\ 2 is the largest. 
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FIG. 4: Scattering amplitudes and the magnetic moments on the real axis. We plot the real and imaginary parts of the 
KY\ — ► KYI amplitudes TV = —itiji^fs) and D = —-A=ta{-\/~s), in Q — and Q = 1. Solid bars represent the position 
\/s = -Mr, expected by the Breit-Wigner form. The magnetic moments = Re[N/D] are calculated in units of the nuclear 
magneton. 



When we choose the other channels to evaluate the mag- 
netic moments, the difference from the results <|24[) be- 
comes larger, due to the background effects (second and 
third lines of Eq. 1(15)11. 

Finally we summarize the results in Table [V] 
Combining the results in the complex plane and on the 



TABLE V: The magnetic moments of the iV(1535) resonance 
in units of the nuclear magneton. 



n* p* 


\y\ (complex plane) 


0.248 


1.13 


/j, (real axis) 


-0.266 ±0.01 


1.26 ±0.02 



real axis, we determine the magnetic moments as 

^n*(1535) = -0.25^at , /V(1535) = ■ (27) 

In next section, we discuss these results in detail. 

IV. DISCUSSIONS 

First we discuss the SU(3) relation by comparing the 
present results with the magnetic moment of A(1670) ob- 
tained in the same framework |16| . Then we decompose 
the magnetic moment into the various components in or- 
der to understand the origin of the obtained values. Then 
we discuss the magnetic moments in the quark model and 
chiral doublet model, in comparison with the present re- 
sults. 
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TABLE VI: Coupling strengths \ gi \ 2 of A(1535) and A(1670) 
in SU(3) basis. Values for A* (1670) are taken from Ref. [^ 



representation 


1 


8 


8 


10 


10 


27 


n*(1535) 




5.2 


6.2 


0.17 




0.58 


A* (1670) 


4.0 


2.3 


7.3 






0.16 



A. The SU(3) relation 

In Ref. 0|, the magnetic moments of A(1670) are cal- 
culated in the chiral unitary model; 

Ma* (1670) = -0.29/ijv . (28) 

The A(1670) and iV(1535) have J p =1/2- so that they 
have been considered to be members of the SU(3) octet. 
If the SU(3) symmetry is exact, the magnetic moments of 
the octet should satisfy the Coleman- Glashow relations 
in Eq. (JJJ), which tell us that 

Mn* = 2/iA- • (29) 

In the present calculation, the signs of the magnetic mo- 
ments in Eqs. (|26[) and l|28l) are consistent with this re- 
lation, although the absolute values do not agree with 
Eq. (22). 

The SU(3) relation is discussed more clearly by look- 
ing at the SU(3) decomposition of the resonance states 
in terms of the coupling strengths gi. The coupling 
strengths in the SU(3) basis are obtained by a uni- 
tary transformation using SU(3) Clebsh-Gordan coeffi- 
cients [13]. In Table EU \gi\ 2 in SU(3) basis are shown, 
where we observe that for both A^(1535) and A(1670), 
octet component are dominant. This fact explains qual- 
itative agreement of the relation between /i„. and /xa* 
in the chiral unitary model. Deviation from the relation 
comes from the large mixture of the singlet component 
in A(1670) and SU(3) breaking effects. 

B. Isospin decomposition 

For later discussions, we decompose the magnetic mo- 
ments in Eq. I|27|) into isoscalar (/is) and isovector (/iv) 
components. These moments are defined by 

/is = ~(/i p ± fJL n ) . (30) 

In units of nuclear magneton hn — c/2Mn, these values 
are 

Us = 0AAfi N , ^ v = 0.69/iAr , (31) 

The isoscalar magnetic moment of N(1535) is similar 
to that of the ground state nucleon N(939), but the 
isovector one is much smaller than that of the nucleon 
An/(939) = 2.35/iAr. 



More quantitatively, it is considered to express these 
values in units of resonance magneton /i^* = e/2Af/v* 
and extract the anomalous magnetic moments n in units 
of /i 7v* ■ The results are 

//s(1535) = 0.72/ijv* , /uy(1535) = 1.13/xjv* , (32) 
and 

Ks (1535) = 0.22/zjv* , K y(1535) = 0.63/^. . (33) 

These numbers may be compared with those of the nu- 
cleon (in units of nuclear magneton): 

k 5 (939) = -0.06/iAr , k v (939) = 1.85/xjv ■ (34) 

Hence the strong isovector dominance as in the iV(939) 
magnetic moments is not realized in iV(1535). 

C. Contributions from various terms 

In this subsection, we decompose the magnetic mo- 
ments into various terms in order to understand quali- 
tatively their origins. First we decompose the amplitude 
into the contributions from the term in Fig. [21 (a) (contact 
vertex) and those from in Fig. [3 (b) (photon attached to 
baryon propagator). We perform this decomposition for 
the results obtained on the real axis. In Fig. [SJ we show 
the corresponding amplitudes for Q = and Q = 1. We 
see that the contribution from (a) is smaller in magni- 
tude than (b), and that the contributions of (a) and (b) 
have opposite (same) signs for Q = (Q = 1). There- 
fore, there is a cancellation between them for Q — in 
the total value, while for Q = 1 two terms are added 
with the same sign. This explains partly smaller mag- 
netic moments of Q = than that of Q = 1. The actual 
numbers around resonance region are given as 

~ 0.34/xat , 0.60/iAr , ^ 

#~0.40mjv, 1$ ~ 0.87/iw , 

where // n » , p * = /x^* p* + /•*«*, p* ■ As compared with 
Eq. (|31|l , these numbers imply that the term is dom- 
inated by the isoscalar piece, while the term by the 
isovector piece. The nonegligible values of is the ori- 
gin to weaken isovector dominance of the A^(1535) mag- 
netic moments. 

Let us now consider the the piece //W and its isovec- 
tor dominance. As shown in Fig. [3(b), is given by 
a sum of the diagrams where the photon couples to a 
ground state baryon. In this case, we can draw a naive 
picture where the resonance magnetic moment can be 
written as a sum of the magnetic moments of the ground 
state baryons weighted by their probabilities in the res- 
onance wave function. In Ref considering ^(1535) 
as a quasi-bound state of K S, they decomposed the if £ 
isospin state into physical states by the Clebsh-Gordan 




-150 
1500 



1520 1540 

y/7s [MeV] 



1560 



150 
1500 



1520 1540 1560 

yfi [MeV] 




1500 



1520 1540 

[MeV] 



1560 



1500 1520 1540 

y/i [MeV] 



1560 



FIG. 5: Real and imaginary parts of the KT, — » KT, amplitudes —it 
and solid lines) in Q = and Q = 1. 
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y and -itij = 



it- J (dashed, dash-dotted 



coefficients, and evaluate the magnetic moments of the 
ground state baryon. Here we extend this estimation 
to sum up all the channels, multiplying |^| 2 as weight. 
First, we define the magnetic moments of the isospin 
states, using the Clebsh-Gordan coefficients and the mag- 
netic moments of the ground states; 





0) 


HriN(Q = 


0) 


Mata(Q = 


0) 


MAs(Q = 


0) 


Httn{Q = 


1) 


HriN(Q = 


1) 


Maa(<9 = 


1) 


MAe(Q = 


1) 



3*. 

Mn r 
MA ' 
1 



3^ 



1.22// 



JV 



-1.91/iAT , 

-0.613/zat ! 
2 



3^° + 3 Ms " 



3 M " 
M P r 
Ma r 
1 



1 

3Mp 



^ — 0.557/iat 
-0.343^ , 



(36) 



2.79/iat , 
' — 0.613/iAr 
2 



;Me° 



~ 1.86m at • 



Multiplying the weight |g,;| 2 in Table ITVI we calculate 

\9vn\ 2 

■ (37) 



Ma* 



lff^A| s 
'£,-|<?il 



IffKAT 



rMA-A 



I5A-S r 



The results are 



M«* 



-0.74/Mr , fj,p, ~ 1.55/iAr , 



(38) 



which are similar values with those obtained in Ref. 01 
(Mn* ~ — 0.56/ijv and Mp* ~ 1-86/iAr), because in Eq. I|37|) 
the fTE component (|<7ifs| 2 ) dominates the 7V(1535) res- 
onance (~ 60 %). Naively, it is expected that this estima- 
tion corresponds to the contribution from — it^ , where 
the magnetic moments of the ground states are summed. 



D. Comparison with quark model 

Here we discuss the present results in comparison with 
the quark model results. The details how to compute 
the resonance magnetic moments have been presented 
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FIG. 6: Magnetic moments as a function of the mixing angle 
9 in units of the nuclear magneton. 



previously 17], and therefore, here we show some rele- 
vant points. In the quark model, the wave function of 
iV(1535) is given as a superposition of two spin (s = 1/2 
and 3/2) states in the I = 1 70-dimcnsional representa- 
tion of SU(6): 



|JV(1535)) = cos6»|s = 1/2) 



3/2) , (39) 



where 8 is a mixing angle of the twos states. Actually, 
the spin s = 1/2,3/2 states are coupled with the orbital 
angular momentum I — 1 to yield j = s + I = 1/2. The 
magnetic moment operator is a sum of spin and orbital 
angular momenta of three quarks, 



1 

2m 



E (°>(0 

i=l,2,3 



■h(i) 



(40) 



By taking a matrix element between the quark model 
state (|39|) . we obtain the magnetic moment as a function 
of the mixing angle 8. 

The result is presented in Fig. [fj] As reported in 
Ref. [l7j, the mixing angle 8 ~ 150 ~ —30 degrees of 
the Isgur-Karl quark model yields the values 



Hn* = -1.2/iiv , AV = 1.9/iiv 



(41) 



Although these numbers differ quantitatively from those 
in the chiral unitary model, they look similar qualita- 
tively. In fact, it is interesting to observe that this hap- 
pens only in the vicinity of the mixing angle 8 ~ 150 de- 
gree. The similarity between the predictions in the quark 
model and the chiral unitary model was also reported 
for the axial coupling constant of N* , or equivalently 
the ttN*N* coupling constant (due to the Goldberger- 
Treiman relation) |28j . 



E. Magnetic moments in the chiral doublet model 

In this section, we present yet another description for 
magnetic moments when the resonance of negative par- 
ity is regarded as a chiral partner of the ground state 



nucleon in linear representations of chiral symmetry. In 
addition to phenomenological aspects, such a point of 
view may shed a light on the properties of spontaneous 
breaking of chiral symmetry. The theoretical scheme for 
positive and negative parity nuclcons has been discussed 
in detail in Ref. 0, 0| , and here we follow the essence of 
their description. The relevant point is that the chiral- 
ity structure of the electromagnetic coupling; the vector 
coupling is of chirality even, while the tensor (anomalous 
magnetic) coupling is of chirality odd: 



C lNN =N 7 M + in a 



r a NA^ 



2M P 

= {Nn M r a Ni + N r ^r a N r ) A» (42) 

+ lKa ( N t ?^T a N r + N r ^^T a N^\ A" . 
\ 2M P 2M P ) 

Here a = or 3; tq — 1 is for the isoscalar and T3 for the 
isovector components of the current. The proton mass 
Mp is just used for the unit. The right and left handed 
components of the nucleon is defined by N r ^ — 1= ^ 75 N . 

In the spirit of the theory of chiral symmetry, the elec- 
tromagnetic coupling is regarded as a part of the chiral 
invariant coupling with right and left chiral fields. In 
Eq. (|42|l the vector term preserves chiral symmetry, while 
the tensor (anomalous) term does not appear so. In order 
for the latter to be chirally symmetric, it should contain 
the chiral field U5 = a + if ■ 7F75 . When chiral symme- 
try is broken spontaneously, a takes a finite expectation 
value (a), which survives the tensor term. 

Another interesting possibility is to construct a chiral 
invariant tensor term in the mirror model for positive 
and negative parity nucleons 0, |(|, where the basis of 
the chiral symmetry does not coincides to the physical 
basis. Denoting the two chiral basis fields as iVi and N2, 
the tensor coupling term takes on the form 



C 



~/NN 



2M f 



{Nxa^Ni + Nia^Nj) q v A» . (43) 



This is the lagrangian to the lowest order (n = 0) in 
powers of (a) n and is becoming a dominant term as chi- 
ral symmetry is getting restored, (a) — > 0. Note again 
that the proton mass Mp here is introduced only for the 
unit and has nothing to do with the dynamical gener- 
ated mass of nucleon in the linear sigma model. In the 
following discussion, we consider only this leading order 
term of 0((a) ), in order to reduce the number of free 
parameters. 

As discussed in Ref. 0, the physical nucleon and 
iV(1535) fields are linear combinations of Ni and N2] 
iV(939) = cos6Wi+ 75 sin6W 2 ,7V(1535) = - 75 sm6Wi + 
COS8N2, where 8 is a mixing angle. After diagonal- 
ization, the coupling term takes on the form (N + = 
AT(939),7V_ ee iV(1535)): 



C 



7 AW 



2Mi 



(s\n28{N + TN+ + 7V_IW_) 



cos2(9(A + r 5 iV_ + 7V_r 5 A+)) 



(44) 
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where we have introduced the notation T = a^q" (ks + 
KyT^)A^, r 5 = T7 5 with ks and ny being the isoscalar 
and isovector contributions to the anomalous magnetic 
moments. We find that the anomalous magnetic mo- 
ments of -/V(939) and iV(1535) are the same; Kp — Kp* . 
K>n = K>n* ■ I n the chiral unitary model, however, this is 
not the case. 

Let us now briefly discuss the transition moments. 
Note that the transition term has the structure of El 
because of the parity. ^From the pion coupling strength 
of iV(1535) decay, the mixing angle was estimated as 
9 ~ 6.3 degree [J Q We can then use the diago- 
nal components of the magnetic moments for the pro- 
ton and neutron to fix the k's: Kssin26> = —0.06 and 
Ky sin 26 = 1.85. Using these numbers, we find for the 
transition moments: /i pp » = 8.42 and /x„ n * = —8.99. 
The isovector dominance in these quantities is consistent 
with what is known from experiment, but the magni- 
tudes of these numbers are too large as compared with 
experimental data, |/i pp «| ~ 2|/i„ n *| ~ 1 in units of the 
nuclear magneton, as extracted from the helicity ampli- 
tudes A*f a ~ 90,-46 10- 3 GeV- 1/2 [U. 

Phenomenologically, both diagonal and transition mo- 
ments do not agree with data. In particular, the small 
mixing angle has lead to the dominance of the off- 
diagonal components, which should be so in the world 
where chiral symmetry breaking is not so strong. We can 
make some speculations about the nature of the breaking 
of chiral symmetry. For instance, the fact that /ijy ^ A* at* 
could be an indication that higher order terms in (a) 
should be important. The large transition moments may 
suggest a larger mixing angle, as opposed to the result ob- 
tained from the pion couplings previously |4j, |5j, |6J . Both 
facts may be an indication that chiral symmetry is bro- 
ken rather strongly. In any event, magnetic moments of 
the nucleon as well as of its excited state provide useful 
information of chiral symmetry of baryons. 



V. OBSERVATION OF THE N* MAGNETIC 
MOMENT 

In this section, we would like to discuss possibilities of 
the experimental observations of the N* magnetic mo- 
ments. The iV(1535) has the special feature that this 
resonance strongly couples to the rjN system, which is 
not seen in the other N* resonances. Thus the r\ meson in 
the finial state may be regarded as a probe of iV(1535) in 
the intermediate state. In order to observe the 7V(1535) 
magnetic moments, here we would like to calculate cross 
sections of the following two photon-emission processes; 
-yJV — > jt]N and ir~p — > 7777?,, and we investigate sensi- 
tivity of their cross sections to the value of the magnetic 
moments of N* . Such processes that two-boson emission 
on nucleon target are discussed in Ref . 0, |2t| to observe 
the sign of the nN*N* coupling. In the present work, we 
follow their method to calculate the cross sections of the 
above processes. 



In the calculations of the cross sections, we use the La- 
grangian formulation for N*, where the N* is described 
as a well-defined field and its propagator is assumed to be 
the Breit-Wigner form with the mass raw* = 1535 MeV 
and the width T^* = 150 MeV. The Lagrangians used in 
the present calculations are shown in Appendix lAl 

Now we assume the N* dominance hypothesis in the 
77- N system near the threshold region, that is, the 77 me- 
son can couple only to the N and N* transition, and 
the other resonances do not couple to the 77 meson. It 
is shown in Ref. 3 that this hypothesis reproduce the 
7V(1535) resonance well in the irN — > r/N process. Then 
the relevant diagrams for these processes are shown in 
the Fig. [7| The diagrams a and b are used only for the 
pion-induced process. Since we consider the photon-eta 
production processes in the energies close to the thresh- 
old, the final photon and eta meson have small energies 
and, therefore, the dominant contributions come from 
the diagrams a, 1, 2, 9 as a result of their small energy 
denominators. The diagram 2 is the one in which the 
magnetic moment of N* appears, and we want to see the 
interference effects of this diagram with the other domi- 
nant diagrams to study the N* magnetic moments. 

The differential cross section is given as 

da= - 2mN ~Y\Tn\*d*, (45) 

pol. 

where the summation is taken over the spin of the initial 
and final nucleons and the polarization of the final (and 
initial) photon, and the factors in front of the summation 
are for taking averages of the spin and polarization in the 
final state. The mass mis denotes the mass of the initial 
boson, photon or pion in the present case. The phase 
space of the three-particle state is given by 

<i$ =(27r) 4 <5(pi + ki — pf — k 7 — k n ) 

d 3 fc 7 d 3 k v m N d 3 p f (46) 
X (2n) 3 2E w (2tt) 3 2^ (2n) 3 2E f ' 

where fc 7 = (E~ 1 ,k~ 1 ), k v = [E^^k^) andp/ = (Ef,pf) are 
momenta for the finial photon, eta and nucleon, respec- 
tively. In the center of mass frame, Eq. I|46|l is written as 

= , ™* dE~dEfdad(coa (3)d^ . (47) 
4(27r) :> 

Here a, (3, 7 are the Eular angles, which specify the plane 
where the three momenta in the final state lie. The nor- 
malizations of the state and wave function for nucleon 
are 

u^ a \p)u^\p)=6 " 3 , (48) 



W) = {2k) 3 5 3 {p-$) . (49) 
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FIG. 7: The relevant diagrams for the processes fN — ► 777./V and ir~p — ► 77771. The diagram is only for the pion induced 
process. The initial boson is ether photon or pion. The solid and double-solid lines denote N and N* , respectively. The dotted 
and wavy lines in the final state are the emitted photon and eta meson, respectively. 
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FIG. 8: Energy spectra of the emitted photon in the photon- 
induced process. The energy of the initial photon is 1000 
MeV. The solid and dotted lines denote the proton and neu- 
tron targets, respectively. The anomalous magnetic moments 
of p* and n* are assumed to +3 (black circle) or —3 (white 
circle) in units of nuclear magneton. 



In the calculations of the cross sections, we perform the 
integral over the three-body phase space with the Monte 
Carlo method. The number of the integration points 
in the present calculations are taken larger than 10,000, 
which may be enough to converge the Monte Carlo in- 
tegral. The details of the Monte Carlo method for the 
three-body final state are discussed in Ref. Q|. 

Shown in Fig. [H] are the energy spectra of the emitted 
photon in the photon-induced processes with the proton 
and neutron targets; jN — > 777^. In order to see the 
sensitivity of the effect of the magnetic couplings of N* 
to the cross sections, the anomalous magnetic moments 
for the nucleon resonances are assumed to be +3 or —3 in 
units of nuclear magneton, although the predicted values 
by the present work are much smaller. 

In the case of the proton target, where we investi- 
gate the magnetic moment of p* , the resonance magnetic 
moment is not sensitive to the energy spectrum of the 
emitted photon, as shown in Fig. [S] Presenting the sep- 



arated contribution from the diagram 2, in which the 
N* magnetic moment is involved , we show in Fig. [5] 
the energy spectra calculated with each dominant dia- 
gram of Fig. [7| In Fig. it is seen that the energy 
spectrum for the proton target case is dominated by the 
contribution from the diagram 9 in all energies, which 
corresponds to the bremsstrahlung of the initial proton. 
In the bremsstrahlung, the cross section becomes larger 
with the faster charged particle and the softer emitted 
photon. The diagram 2 gives much smaller contribution 
than the diagram 9. Therefore the 77J — ► 777P is not ap- 
propriate process to observe the N* magnetic moment. 
In fact, in the case of the charged particle proton, the 
electric coupling of the proton to the photon gives larger 
contributions than the magnetic one, since the magnetic 
coupling linearly depends on the photon momentum and, 
hence, is suppressed in energies near the threshold. 

On the other hand, in the case of the neutron target, 
the sensitivity of the magnetic moment is seen in the 
higher energies of the spectra as a result of the interfer- 
ence effects. Here we would have chance to observe the 
magnetic moment of 77*, although the cross sections are 
quite small and the all participants in this reaction are 
neutral particles. As shown in Fig. [§1 the diagram 9 is 
less dominant than the proton target case, since there are 
no electric couplings for the neutron target case. Rather 
than the amount of the cross section, however, distinct 
signals of the dependence of the magnetic moments of 
jV*, such as position of peak, are not seen in the energy 
spectra of the emitted photon. 

Next we calculate the angular distributions of the emit- 
ted photon, which is expected to be a better example to 
see the interference effects. Shown in Fig. ^] are the 
calculated angular distributions in terms of the angle 9 
between the incident and final photons. Here we find 
the distinct angular dependences in the case of the neu- 
tron target, which would be observed. We also plot in 
Fig. HOf b) the angular distributions with the N* mag- 
netic moments obtained by the chiral unitary model and 
the quark model. It might be difficult, however, to distin- 
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FIG. 9: Separated contributions for the dominant diagrams 
to the energy spectra in the photon-induced process with the 
initial photon energy Ei — 1000 MeV. The upper panel (a) is 
for the proton target case. The lower panel (b) is the same 
for the neutron target case. The anomalous magnetic mo- 
ments of p* and n* are +3/ijv. The lines with black circles, 
open circles, triangles, diamonds, squares and down-triangles 
denote the contributions from the diagrams 1, 2, 4, 8, 9 and 
12, respectively. 



guish these two model in experiment. In the calculations 
of the angular distributions, we perform the integration 
with respect to the final photon energy from 80 MeV, 
since we want to see the interference effects of the dia- 
gram 2 to the others and the diagram 2 gives dominant 
contributions at photon energies larger than 80 MeV as 
seen in Fig. [3] We show in Fig.^Jthe separated contribu- 
tions to the angular distributions to the emitted photon. 
As seen in the figure, the diagram 2 becomes the dom- 
inant diagram in the case of the neutron target, while, 
in the proton target case, the diagram 9 is still the most 
dominant diagram. 

Finally we discuss the pion-induced process briefly. As 
discussed before, in the case of neutron, the value of the 
n* magnetic moment is sensitive to the cross sections, 
since the magnetic contributions is relatively enhanced 
due to the absence of the electric coupling. Thus, we 
would expect that the ir~p — > "frjn process would be good 
to observe the magnetic moment of n* . Unlike our expec- 
tation, however, in this case, we conclude that it is very 
difficult to extract the magnetic moments of N* , since 
the diagrams a and 9 are the most dominant contribu- 
tions to the cross sections, as shown in Fig. These 
diagrams corresponds to the bremsstrahlung of the initial 
charged particles. Since the initial pion and proton have 
large momenta to create the eta meson at the final state, 




FIG. 10: Angular distributions of the emitted photon in the 
photo-induced process with the initial photon energy 1000 
MeV. The integration with respect to the emitted energy is 
performed from 80 MeV to the threshold. The upper panel (a) 
is for the proton target, and the lower panel (b) is the same for 
the neutron target. The anomalous magnetic moments of N* 
is assumed to +3 (open circle) or —3 (black circle) in units of 
nuclear magneton. In the case of the neutron target, the plots 
with the TV* magnetic moments obtained in the chiral unitary 
model (/i (a) = -0.25) and in the quark model (^ (a) = -1.2) 
cases are shown by the lines with open squares and triangles, 
respectively. 



they emit the more photon than the slow intermediate 



VI. SUMMARY 

We have calculated the magnetic moments of the 
A(1535) resonance using the chiral unitary model. Wc 
have obtained the magnetic moments of the resonances 
as Ain*(i535) ~ -0.25^jv and /V(i535) ~ +1.1/XN. Com- 
pared with the results of A resonances in Ref. [lfij . the 
sign of the Coleman- Glashow relations J7J, which comes 
from the SU(3) symmetry of octet, are satisfied among 
A* (1670) and n*(1535) in the chiral unitary model. This 
implies that l/2~ resonances are the member of an SU(3) 
octet. The present results qualitatively agree with the 
results of the constituent quark model of Ref. . How- 
ever, the absolute values of these results are different, 
so the experimental measurement will bring the infor- 
mation of the structure of the baryon resonances. Fi- 
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FIG. 11: Separated contributions of the dominant diagrams to 
the angular distribution of the emitted photon in the photon- 
induced process. The integration with respect to the emitted 
energy is performed from 80 MeV to the threshold. The lines 
with the open circles, black circles and squares denotes the 
contributions of the diagrams 1, 2, and 9, respectively. 
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APPENDIX A: LAGRANGIANS 

In this appendix, we show the Lagrangians used in 
Sec. [V] to calculate the cross sections of the 7-/V — > 777.ZV 
and ttN — > jr/N processes though the N* intermediate 
state. Here N* denotes the V(1535) resonance, which 
has the negative parity. 

For the rjNN* vertex, we take the scalar coupling: 



C, 



nNN* 



9r) NN* 



h.c. 



(A.l) 



where the coupling constant g v ~ 2.0 is determined so 
as to reproduce the partial decay width Tn*^ v n — 75 
MeV 20] at tree level. 

The transition vertex of V to N* with one photon is 
given by 



C 



7 AT AT* 



AM P 



N 



(A.2) 



10 



- 10 

> 



S 10 

I io- 

■a 

10"' 




160 



Here we assume the isovector dominance on the transi- 

(T) 

tion magnetic moments /j n , and their values are given 

(T) 

-fin — 0-68 in units of nuclear magneton, 
which correspond to nt = — — „( T ) 



i (T) 

by /4 



0.9 deter- 



m N +m N * -. 

mined from analyses of eta photoproduction |3fj |. 

The <yNN and jN*N* vertices have two parts, which 
are so-called the Dirac term and the Pauli term: 



C lNN = - eQN^A^N 
e 



knNo^F^N , 



C 



7jV*AT* 



AM P 
eQN^A^N* 

KN ,N*a" u F^N* 



(A.3) 
(A.4) 



FIG. 12: Separated contributions of the dominant diagrams 
to the energy spectrum of the emitted photon in the pion- 
induced process with the initial pion energy — 1000 MeV. 
The lines with the open circles, squares, triangles, black cir- 
cles, diamonds and down-triangles denote the contributions 
from the diagram a, b, 1, 2, 3 and 9, respectively. 



The anomalous magnetic moments of the ground state 
nucleons kn are used the experimental value k p = 
1.79284739 and K n = -1.9130428 in units of nuclear mag- 
neton |2(| , while the anomalous magnetic moments of N* 
are assumed to be ±3 to see sensitivity of their values to 
the cross sections. 

For the calculations of the pion-induced process, we 
use the following Lagrangians. The nNN* vertex has 
the scalar type coupling, which given by 



nally we have computed reaction cross section in order to 
observe the resonance magnetic moments; 7V — * 777V, 
7r~p — > 77771. The difference in the magnetic moments is, 
however, not very much reflected in the bremsstrahlung 
processes. 



r 



NN* 



■ 9wNN* Nt ■ TtN* + h.c. 



(A.5) 



with the coupling constant g^NN* — 0-7, which is de- 
termined so as to reproduce the partial decay width 
T N *^ N ~ 75 MeV [2(| at tree level. The diagonal 
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vertices irNN and irN*N* are assumed to be here the 
pseudo-scalar couplings: 

£nNN = 9-kNnN^t ■ ttN , (A. 6) 

CttN'N* = gnN*N*N*~fe,T ■ ifN* , (A. 7) 

Here we use the empirical value of the irNN coupling 
g-xNN — 13. For the nN*N* coupling, we assume 
9ttN*N' — +13, although the sign of this coupling is 
important for the properties of N*. The value of the 
ttN*N* coupling is absolutely insensitive to the final re- 



sults, since this coupling appears in the less dominant 
diagrams. In this formulation, we do not include the 
Kroll-Ruderman type diagram, since we use the scalar 
type coupling for the irNN* vertex and it has already 
contain the partial contribution of the Kroll-Ruderman 
type vertex. The pion-photon coupling is given by 

7 1 M / . (A.8) 
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